The Auger recombination in bulk semiconductors can depopulate the charge carriers in a non-radiative way, which, fortunately, only has detrimental impact on optoelectronic device performance under the condition of high carrier density because the restriction arising from concurrent momentum and energy conservation limits the Auger rate. Here, we surprisingly found that the Auger recombination in bulk a-Fe2O3 films was more efficient than narrow-bandgap high-mobility semiconductors that were supposed to have much higher Auger rate constants than metal oxides. The Auger process in a-Fe2O3 was ascribed to the Coulombically coupled self-trapped excitons (STEs), which was enhanced by the relaxation of momentum conservation because of the strong spatial localization of these STEs. Furthermore, due to this localization effect the kinetic traces of the STE annihilation for different STE densities exhibited characteristics of quantized Auger recombination, and we demonstrated that these traces could be simultaneously modeled by taking into account the quantized Auger rates.
The a-Fe2O3 thin films with thickness of around 40 nm were epitaxially grown on Al2O3 (0001) substrates by pulsed laser deposition, and the growth was monitored by insitu reflection high-energy electron-diffraction (RHEED). The q-2q X-ray diffraction (XRD) out-of-plane scan of the sample shows the Fe2O3 (0006) reflection with Kiessig fringes ( Fig. 1A ), suggesting the high crystalline quality of the epitaxial film with well-defined surface and interface. The Fe2O3 film is atomically flat, evidenced by the RHEED pattern (inset of Fig 1A) and atomic force microscopy (AFM) measurement ( Fig. S1A ). Scanning transmission electron microscopy (STEM) images ( Fig. 1B and Fig. S1B ) further justify the atomic uniformity of the thin film. Reciprocal space maps (RSM) near the (1 ) 010) (Fig. S1C ), close to those of bulk a-Fe2O3. (23) The details of the sample preparation and characterization were described in Supplementary Text 1.
The absorption coefficient of the sample (Fig. 1C ) measured by ellipsometry shows an onset at approximately 2.1 eV, corresponding to the bandgap of a-Fe2O3. The two absorption peaks at photon energy (ℎ,) of 3.0 eV and 2.3 eV have been attributed to a ligand-to-metal charge transfer band ( -#% 2/ ® 01 23 4 #5 * ) and iron d-d transitions,
respectively. (8) For comparison, a typical TA spectrum is also plotted in the same spectral range ( Fig. 1D ). As indicated by the two vertical lines, the photobleaching arises from the carrier occupation at the band edges, which weakens the corresponding absorption peaks due to the Pauli blocking effect. (8, 24, 25) Additionally, the redshift of the absorption spectrum due to the bandgap renormalization (26) and thermal effect (8) should account for the positive peaks and partials of the negative peaks in the TA spectrum. Thus, TA features above the bandgap are caused by the combined effects of Pauli blocking and spectral shifting. Note that only spectral shifting cannot give rise to any signals at the deep sub-bandgap region (ℎ,<1.8 eV), which has been justified in the thermo-absorption(8) and electro-absorption spectra (25) . Nonetheless, a broad positive band prevails throughout the deep sub-bandgap region in the TA spectrum (shaded blue, Fig.1D ), which has also been observed in previous reports (8, 9, 27, 28) . This sub-bandgap absorption (SBA) feature coincides with the absorption spectral change caused by electron injection from highly reductive radicals (29) or cathodic bias (25) , implying that the SBA results from the optical transitions associated with photoinjected electrons. In contrast to the complex origin of super-bandgap features, the SBA can be exploited as a convenient probe to measure the photocarrier dynamics.
Figure 2. Formation and annihilation dynamics of self-trapped excitons (STE) in a-
Fe2O3. STE dynamics is represented by the transient absorption (TA) kinetics monitored at different photon energies below the a-Fe2O3 bandgap. The horizontal axis is split into two parts. The first part (-0.5-2 ps, shaded green) is plotted in a linear scale, and the second part (2-1500 ps, shaded red) is plotted in a logarithmic scale. The orange curve represents the difference between the red-triangle and blue-diamond curves. The TA kinetics before and after 2 ps were attributed to the STE formation (free carrier selftrapping) and STE annihilation, respectively.
To explore the nature of the photocarriers in a-Fe2O3, we analyzed the SBA kinetics probed at different sub-bandgap regions under the identical pump condition (Fig. 2 ).
Both of the SBA kinetic traces probed at 1.71 and 1.01 eV show a fast decay completed within 2 ps, which is followed by a relatively slow decay. formation of small electron polarons. (8, 29) The time constant of electron self-trapping is then determined to be 0.17±0.01 ps from the single exponential fitting of the mid-IR kinetics ( Fig. S2 ), in line with the time constant of the electron polaron formation measured by the transient XUV spectroscopy. (7, 11, 20) Contrary to the electrons, theoretical calculation suggested that hole polarons in a-Fe2O3 were energetically unfavorable.(4) However, owing to the Coulomb attraction, the holes can bind to the small electron polarons to form STEs. It should be noticed that, in addition to the direct Coulomb attraction, the electron polaron can also interact with the hole indirectly through lattice vibrations.(2) Highly localized excitons in a-Fe2O3 have also been experimentally confirmed.(12) Thus, the gradual decay of SBA after 2 ps is assigned to the STE annihilation via different charge recombination mechanisms that will be discussed in the subsequent sections. intensities, corresponding to STE density of 0.63 and 31 × 10 &8 !" %2 , respectively. The vertical and horizontal axes represent the pump-probe delay and probe photon energy, respectively. The TA signal magnitude is reflected by the color intensity as indicated by the color scale bar. Spectral components of STE absorption (C) and thermo-absorption (D) derived from TA spectral decomposition. The magnitude of spectral components for the low STE density was magnified by a factor of 20 for better comparison.
The SBA spectral evolution and kinetics for different STE densities were examined in order to interrogate the STE annihilation mechanisms. The STE density was controlled by adjusting the incident pump intensity (see Supplementary Text 1 for details). The pseudo-color images of TA spectra for the lowest and highest STE densities are displayed in Fig. 3 , and those for the rest STE densities are shown in Fig. S3 . In the case of the lowest STE density (0.63´10 18 !" %2 ), the TA spectral shape persists when its magnitude declines ( Fig.3A ), characteristic of a homogenous decay behavior at different probing regions. On the contrary, for the highest STE density (31´10 18 !" %2 ), the magnitude decay is accompanied by spectral narrowing (Fig. 3B ), implying that the TA signal closer to bandgap decays slower than that further from bandgap. This heterogeneous spectral evolution behavior is analyzed through spectral decomposition. Besides the spectral component that mirrors to the TA spectrum for lowest STE density ( Fig. 3C ), we also find an additional component ( Fig. 3D ) that resembles the thermo-absorption spectrum, (8) which is tentatively attributed to lattice heating caused by non-radiative Auger recombination at high STE density. Because the thermo-absorption component does not comprise any SBA signals, the SBA kinetics is not affected by the spectral narrowing.
Additionally, the plot of the SBA magnitude recorded immediately after STE formation (t=2ps) displays a linear relationship with the initial STE density (Fig. S4 ). Thus, within the range of STE density in current study, the SBA kinetics is always valid to represent the STE dynamics in proportion. Despite the bad simulation, it is worth noting that, to minimize the fitting deviation, the most approximated fitting result gives a very large rate constant for Auger recombination (9~10 %#8 !" ; • ' %& , Supplementary Text 2). If we further consider the factors that could reduce the Auger rate in a-Fe2O3, (30) , such as the wider bandgap, larger dielectric constant and carrier self-trapping, the Auger rate constant for STEs should be smaller than that in the high-mobility semiconductors (e.g., 9~10 %2& − 10 %2> !" ; • ' %& for Si, (31) GaAs,(32) InP,(32) etc.). From this perspective, the model has to adopt an Auger rate constant exaggerated by orders of magnitude in order to approach the measured kinetic traces. In other words, the Auger rate in a-Fe2O3 appears enhanced compared with the rational deduction.
On the other hand, if the STEs are close enough that their wavefunctions overlap, then the Auger recombination mediated by Coulomb interaction among these coupled STEs can also result in fast STE annihilation. Nevertheless, the Bohr radius (? @AB ) of the STE in a-Fe2O3 was estimated as small as 0.26 nm based on the STE Mott transition density. (12) According to the average STE densities, the average distances (C) between two STEs were estimated to be in a range of 6-23 nm, an order of magnitude larger than To quantitatively describe the STE annihilation dynamics, we need to uncover the distribution of multi-STEs and single STEs. Immediately after optical excitation, the wavefunctions of free photocarriers are widely spread in the lattice space, and then they quickly collapse into self-trapping potential wells with the dimension of a unit cell.
Neglecting the interaction between well delocalized free carriers and highly localized STEs, every self-trapping can be regarded as an independent event, and thus the number of STEs falling into a specified interval of the lattice space should obey Poisson distribution before the Auger recombination takes place. The probability for an interval holding D STEs is given by,
where J is the average number of STEs per interval, which is proportional to the ratio of the STE density to interval volume. It should be noted that the volume of the interval is artificially defined, so for each STE density there always exists some values of the interval volume such that no interval can host more than one trapping sites. With the knowledge of STE distribution, the normalized kinetics in Fig.4 , which also represent the average number of STEs per self-trapping site, can then be explicitly formulated as, where the numerator and denominator stand for the total quantity of STEs (including single and multi-STEs) and the quantity of trapping sites, respectively.
For a multi-STE with finite number of coupled STEs, a cascade of Auger recombination can be assumed, in which a D-STE decays sequentially to a (D − 1)-STE, then to a (D − 2)-STE, and so on until to the single STE, and these recombination steps correspond to a series of discrete Auger rate constants. The same assumption has also been made to interpret the multi-exciton dynamics in quantum dot ensembles. (33) (34) (35) The multi-STE annihilation rate is implicitly determined by a set of coupled differential equations, and the general expression of the differential equation is given by,
where E M is the expected lifetime of a D-STE. The first and second terms at the right side of Eq. 3 represent the increment of D-STE from the decay of (D + 1)-STE and decrement of D-STE due to its decay, respectively. Two-particle Auger recombination is excluded for a multi-STE because it proceeds between two itinerant excitons with large exciton binding energy.(35-37) A multi-STE with three-dimensional confinement, like multiexcitons in quantum dots, should decay via three-particle Auger recombination, and thus 1/E M can be expressed as,(38)
where E # is the expected lifetime of the 2-STE. Combining Eq. 1-4, we find that J and E # are the only two unknown parameters, and by setting them as fitting parameters, all the normalized kinetic traces can be simultaneously simulated (black curves, Fig. 4A ). The fitting parameters and code of the fitting program are provided in Supplementary Text 3.
The comparison of the two fitting models in Fig. 4A suggests that the Auger contribution is greater than what the conventional model predicts at low densities because the Auger recombination is enhanced due to the formation of multi-STEs. Like the Auger recombination in nanocrystals, (39, 40) the Auger process in multi-STEs could be facilitated by the relaxation of the momentum conservation due to the strong spatial localization, which might explain the enhanced Auger rate. The quantization of the Auger process in bulk a-Fe2O3 stems from the strong spatial localization of the coupled STEs due to the presence of small polarons. As small polarons have also been reported in a wide variety of metal oxides, (1, 3, 4, 13, 16, 21) this quantized Auger recombination should be potentially a general phenomenon in these materials. 
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Figure S4. The linear relationship between sub-bandgap absorption (SBA) and STE density.
The black solid line is a linear function with zero intercept. The SBA data was recorded after the completion of self-trapping but before the annihilation of the STEs (at delay of 2ps). The small deviation between experimental data and the linear function at high STE densities is probably due to slight multi-STE annihilation before 2 ps. Because the multi-STE is assumed to be negligible small in this case, the SBA kinetics represents the geminate recombination (a type of monomolecular recombination #pragma rtGlobals=1 // Use modern global access method. #include <Global Fit 2> Function CRM(pw,yw,tt) : fitfunc wave pw, yw,tt //pw is the parameter wave, yw is the kinetics, tt is the delay; pw[0] is A, the first order recombination rate constant; pw [1] is B', the first order recombination rate constant; pw [2] is C', the first order recombination rate constant; pw [3] is the initial amplitude of the kinetics. IntegrateODE/X=tt RateEq, pw, yw //The actual fitting curve is the numerical integration of the differential rate equation. Linked parameters value fitting uncertainty =′(FG ,' • H ,' ) * 6.9× 10 ,'I 0.03 ? J (FG ,> • H ,' ) ** 7.3× 10 & 0.1× 10 & * The fitting parameter =′ is constrained to be positive in order to give a physically meaningful result. As indicated in this table, the resulted value for =′ is extremely small with a relatively large fitting uncertainty, and thus we consider that the second order recombination is negligible. ** The Auger rate constant ? is then determined to be 1. 1-4 and is elaborated in the main text. The fitting program was also carried out by Igor Pro software (analysis/Global Fit). The code of the fitting program (blue text) and
End
interpretations (red text) are provided as followings.
#pragma rtGlobals=1 // Use modern global access method. #include <Global Fit 2> Function PoissonDynamics(pw,yw,tt) : fitfunc wave pw, yw,tt //pw is the parameter wave; yw is the kinetics; tt is the delay. pw[0] is the first order recombination rate constant to account for the single STE recombination. pw [1] is the 2-STE annihilation rate constant (1/O > ). pw [2] is l (see main text for the definition). 
